Electric Vehicles (EVs) can, when they are not used for driving, create value for the EV owner, by delivering ancillary services to the transmission system operator. Calculating potential earnings from grid services and charging strategies highly depends on the driving time, driving distance, and time spent at different locations. While few datasets describing EV usage exist, this work is based on one of the most extensive datasets gathered from 7,163 Nissan LEAFs. Using the real driving and charging data it was possible to calculate the value of a specific charging strategy for the individual EV. The EV dataset was used in a simulation based on British electricity transmission network operating codes and frequency measurement data. The outcome is the profit from frequency regulation for each EV in the data-set, which is found to range between 50 and 350 £/year, because of the large difference in the EV usage.
I. INTRODUCTION
The research area of Vehicle-Grid Integration (VGI) deals simultaneously with addressing the self-induced adverse effects that the transportation sector may introduce in the system in terms of congestion and voltage issues, while also seeking to fully utilise Electric vehicles (EVs), to support a stable and economic power system based on renewables. Frequency Regulation is the service that has been deeply explored in connection with the existing dispatching strategies of EVs, as possibility of solving stability and economy problems [1] . It has been experimentally demonstrated that frequency regulation can be delivered by modulating the unidirectional charging flow, for a profit of 44 £/year in the Nordic grid [2] . Especially the technical support of Vehicle-to-Grid (V2G), i.e. the support of bi-directional power-flow, aids the vehicles in supporting this category of services. Bidirectional V2G frequency regulation can in the Nordic grid give a 17 times higher profit than the unidirectional case [3] , considering the external DC charger from [4] , with a power capacity of ±10 kW.
The revenue from frequency regulation depends on many parameters such as electricity and regulation market prices, plugin hours, power capacity of the charger etc. [5] . In France EVs, with simplified trips only between home and work, are found to have a revenue of approximately 86 £/year [6] , in Germany the average revenue is found to be 172 £/year [7] . It has been found that through analysing plugin and usage behaviour, it may be possible to assess and fully utilise the availability of the EVs without adverse effects to driving needs [8] .
The typical availability of EVs to provide frequency regulation is provided by a large (n = 7163) data-set based on Nissan Leafs driving in the United States (US). To this end, the requirements and characteristics of the available frequency regulation products are described in Section II and the driving characteristics of real users are derived in Section III-A. To better understand the limits and cost of providing the service, is important parameters such as the frequency energy content and the EVs energy constraints which will ultimately influence the profit also carefully investigated in Section III. Finally the study describes the distribution of revenue and profit that an EV may receive in the GB before concluding the paper with a brief conclusion and discussion.
II. FREQUENCY REGULATION IN UNITED KINGDOM

A. Service Specification
The Transmission System Operator (TSO) in the GB, National Grid Electricity System Operator (NGESO), procures Firm Frequency Response (FFR) reserve via an open market. FFR consist of 3 services, Primary, Secondary and High. In the case of an under-frequency event, the Primary should react within 2 s and deliver the full response within 10 s and sustain the response for 20 additional seconds. Within 30 s of the event, the Secondary should be started and maintain the response for 30 minutes. In the event of an over-frequency evenet the High Frequency Response should deploy its full response within 10 but maintain the response indefinitely, unless agreed otherwise. A frequency event is defined as when the frequency leaves the dead-band of ±0.015 Hz, and over and under-frequency event is when the frequency is higher than 0.015 Hz or lower than −0.015 Hz.
978-1-5386-8218-0/19/$31.00 ©2019 IEEE FFR has a minimum bid size of 1 MW, which can be from a single unit or aggregated from several smaller units. Primary, Secondary and High are dynamic services where the response should be proportional to the frequency deviations with the maximum power at a deviation of either 0.2, 0.5 or 0.8 Hz, as seen in Table I. A combination of Primary, Secondary and High (PSH) service with a full response at ±0.2 Hz is considered. A combined PSH delivery means that the EV responds symmetrically to over and under frequencies outside the deadband as shown in Eq. (1).
For a frequency value f t at time t, the normalised response y t is calculated as 
B. Contract and bidding
The first business day of each month is the deadline for services starting on the following month i.e. January 1 st for service start on February 1 st . The contract periods are based on the Electricity Forward Agreement (EFA) which means that it is traded in 6 four-hour blocks per day. Tenders must only start, and end, at the following times: 23:00, 03:00, 07:00, 11:00, 15:00 and 19:00.
NGESO makes a monthly report stating how much capacity purchased at each price range, which are shown in Table II for December 2018 and December 2014 in parenthesis. In this analysis it is assumed that PSH with full response at ±0.2 Hz deviation is paid with 2 + 2+ = 8 £/MW/h, as it is the prices that Primary (2 £/MW/h), Secondary (2 £/MW/h) and High (4 £/MW/h) mostly is traded at. The NGESO regulation prices are very low compared to the Nordic grid where the availability payment for primary frequency regulation on average is 20.7 £/MW/h [3] . It is unknown how the prices will change in the future.
III. METHOD
The driving data is gathered from EVs in the US. To justify the applicability of the US dataset to a GB case study, driving behaviour data from the UK and DK is analysed. The driving behaviour was similar across the 3 countries.
A. Electric Vehicle Telematics Data
The telematics data is collected in a data-set with all drive and charge events of 7163 Nissan 24 kWh LEAFs in the US. It is collected from EVs where the owner has accepted to share data at the time of purchase, and corresponds to 50% of the sold EVs of the specific model. The data is anonymized but shows the daily behaviour of each EV during 2015 and 2016.
A time vector is generated for each EV with a value every 15 minute interval during the year, which specifies if the EV is driving or parked at the household, the work place or another location, as well as the the driving distance and the charging power.
The driving behaviour in the US is compared with a GB and Danish driving behaviour metrics to show that the findings are general. The national Danish Travel Survey is based on conventional vehicles in Denmark but it is found that the driving behaviour is similar. Fig. 2 shows the distribution of the accumulated driving distance for each EV in one year. The average driving distance is 17200 km/year equal 47 km/day which is a bit higher than in Denmark, where the average driving distance is 45 km/day [9] and in GB where it is 34 km/day [10] .
The average driving time is 228 hours giving an average utilisation of 2.6%, which is also the same in Denmark and GB.
In Fig. 1 is shown the group behaviour during a work day in 2016, as a representative day, not an hourly average. The blue line shows the share of the EVs that are driving during the day and the red line shows the share of the EVs that are charging simultaneously. The charging peak is very similar for every workday is but lower in the weekend. It can be seen that despite the data being from EVs with only 24 kWh battery capacity, the simultaneous charging peak is only 18%. From the driving curve, the rush hour peak times can be identified as 07:00 and 17:30, which are the same in Denmark [11] .
Being personal vehicles parked 97.4% of the time, for the EVs this is a huge potential for utilising the battery capacity during the idle time. The EV is however only available for the grid when the owner plugs it in, which does not happen every day as seen in Fig. 1 .
We are making the assumption that people are going to plug in their EV every time they park them ( at home and at work); which is unlikely to be the case unless the users are properly incentivised to plug their EV. 
B. United Kingdom Spot Market Price Model
In Fig. 3 is shown the spot prices every day of 2018, which has an average of 57 £/MWh. When adding network tariffs and taxes the average domestic cost is 161 £/MWh while the industrial electricity cost only is 117 £/MWh [12] . A simple tariff model is made by calculating the difference between the average spot price and the average industrial electricity price, Tariff industry = 117 − 57 = 60 £/MWh. It is assumed that the energy consumption caused by conversion losses for service provision is paid with the industrial electricity price. 
C. Energy Content of GB System Frequency
When a storage resource is delivering PSH, it will either deliver or receive energy to or from the grid depending on if there is an under or over frequency. This is referred to as the energy content and can be calculated by integrating the frequency deviations during a certain period. The energy content is calculated for every 15-minute period of the year so it has the same time resolution as the consumption from driving and can be used to calculate the State of charge (SOC).
The following analysis is based on grid frequency measurements from GB power system during all of 2018 with a sample rate of 1 s, measured by NGESO. The integration of frequency deviations of a given 15-minute period n, referred to as the energy content or energy bias of that period, is denoted by e bias n . For a sample rate of t s = 1 s, the number of samples per 15-minutes period is equal to N p = 900. The sum is divided with the number of samples per hour, N h = 3600 for a unit in kWh. The per unit energy content (normalised per kW of regulation capacity), is given by
The energy content of the GB frequency is a bit higher than in the North European power system (ENTSO-E Regional Group Nordic), which is known to have a very high energy content [13] . This is caused by the small size of the system and the large amount of renewable energy production. Because the full response is given for a deviation of ±0.2 Hz and not ±0.1 Hz, which is the case in the Nordic grid, the variance of the experienced energy content is a bit lower. Fig. 4 shows the energy balance since the beginning of service provision for every day in 2018 assuming a 24-hour service period with P r = 10 kW, without conversion losses. When adding the conversion losses the energy balance is moved to the negative side but the variance whihch is the main problem, remains the same. More than 99% of the cases ends up within ±20 kWh, which indicates that the service can be delivered with an EV with a 40 kWh battery and an initial SOC of 50% as the service rarely is being delivered continuously for such long periods.
D. Capacity Payment
Initially it is calculated how large a revenue the EVs can generate in one year if they deliver High regulation in all the EFA periods where they are parked during the whole 4-hour period. This is calculated without considering the energy storage constraints by assuming that there either is an available ±10 kW V2G charger at the household or both at the household and the workplace and making the assumption that people are plugging the EV once they park.
E. Energy model
The next step is to model the SOC of the EVs. It is assumed that all the EVs have a battery capacity of Q n = 40 kWh like the 2018 model Nissan LEAF. The energy for driving in Fig. 4 . Evolution of energy balance when delivering frequency regulation every day in 2018 with P r = 10 kW and no conversion losses. period n, E drive n is based on the driving distance of each trip considering a driving efficiency of 5 km/kWh. The charging, E charge n , is scheduled just before each trip, with a charge power of 10 kW, in order to give maximum time for PSH. The EFA period where the EV is charging is not counted for PSH.
Because of the large energy content of PSH with P r = 10 kW often results in energy constraint violations. By bidding P r = 8 kW and allocating a correcting power, P cor = 2 kW, the PSH range can either be [−8 to 8], [−6 to 10] or [−10 to 6] kW, depending on the SOC. A regulation capacity of P r = 8 kW is the maximum that does not result in SOC violations caused by the combination of the driving consumption and frequency energy content. A similar maximum of 7 kW is in Ref. [3] , found for the Nordic Grid because of the more strict service requirements. The correcting power, P cor , is applied when the energy balance, ∆E leaves the acceptable window during service provision. ∆E is the summarised energy received or delivered since the start of the simulation.
The contracted energy at period n, on the grid side of the charger is calculated as
It is assumed that there is a conversion loss of 10% in both directions. A constant efficiency of η = 0.9, is assumed for all loading levels. The energy on the battery side, E bat n , will either be higher or lower than on the grid side depending on if the EV is discharging or charging.
The energy balance since the beginning of the simulation, ∆E, is in kWh and calculated by integrating the positive and negative energy flows over time, where E bat n and E drive n never are nonzero at the same time. ∆E n would finally need to be evaluated against the battery capacity and the initial SOC.
The cost of energy is calculated based on the spot price every hour + the industrial tariffs. The spot prices are the same for the whole hour even though the cost is calculated for each 15-minute.
(P r n · e bias n + E cor n ) · (Spot n + Tariff industry ) (8)
IV. RESULTS
A. Pure Power Constraints
The average yearly revenue of all the EVs considering P r = 10 kW regulation in all the full EFA blocks parked at home and work is 390 £/year or only at home is 370 £/year. The revenue ranges between 100 and 650 £/year, depending on how much the EV is driven. The full revenue can be obtained only if V2G chargers are installed both at home and at work. However, to apply the most cost-efficient solution only service provision from the household will be considered. The energy balance ranges between −10 and +15 kWh, so for a 40 kWh EV with an initial SOC of 50% it corresponds to a SOC range of 10 − 35 kWh. The control strategy described in Eq. (4) tries to maintain it within ±10 kWh but if the regulation period is followed by a long drive, it will charge to a higher level to accommodate that consumption. This shows that it is a realistic charging and regulation strategy for an EV with that battery size. With time for charging allocated and a suitable bidding strategy found, it is possible to calculate a more realistic revenue for a bid of P r = 8 kW, still with a capacity payment of 8 £/MW/h. The costs calculated in Eq. 8, are subtracted from the revenue to find the yearly profit for each EV. It is assumed that there is a net metering tariff scheme where the tariffs paid for charging are returned when discharging. The energy charged from the grid is paid with the electricity price of that hour including the low industrial tariffs with the average of 117 £/MWh. The distribution of the revenue is shown in Fig. 6 and now spreads from 100 to 500 £/year with an average of 287 £/year which is 83 £ lower than the initial estimate. The EVs that provide HFR for most hours also has the highest energy loss, so the remaining profit after subtracting the individual charging cost has a lower spread between 80 and 380 £/year. On average the cost of energy losses is 30% of the revenue and result in an average profit of 204 £/year. If the efficiency is increased to 95%, it gives a reduction of the losses by 50%. The profit is calculated by only considering the cost for electricity and does not include the cost for installation and maintenance of the charger, as well as the added wear of the battery. In Fig. 7 is shown the distribution of the energy throughput caused by the individual users driving behaviour and the added throughput from delivering frequency regulation. The throughput increases on average 517% when going from just driving to also delivering frequency regulation. Considering a 40 kWh battery, a throughput of 10 MWh is only 125 full equivalent charge cycles per year. In [14] , the battery degradation of a similar setup was modelled and it was found that 182 full equivalent cycles would only result in 0.4% increased capacity loss per year.
B. Power and Energy Constraints
V. CONCLUSION
It is found that with a 40 kWh EV, the service continuously can be delivered with ±8 kW regulation capacity with ±2 kW in reserve for maintaining the SOC. There is a large variation in how much time an EV is used for driving and how much time it is parked at the household, which results in a spread of the revenue between 100 and 500 £/year with an average of 287 £/year. It is necessary to analyse the frequency behaviour to get a realistic estimate of the earnings from frequency regulation, as it affects the cost of energy losses and the energy storage requirements. A charger efficiency of 90% results in an average cost of lost energy of 83 £/year that reduces the profit with 30% to an average of 204 £/year. The service results on average in 517% increase of the energy throughput of the EV battery. The throughput from frequency regulation is on average 6.7 MWh per year, which for a 40 kWh battery corresponds to 83 full equivalent charge cycles, but can be up to twice as much depending on the usage.
